Dissolved organic matter (DOM) is a major vehicle for the translocation and loss of N and P from forest ecosystems. The chemical properties of DOM and its interactions with soil surfaces are crucial in determining the mobility of these organic nutrients. We fractionated DOM from throughfall; all soil horizons (Ultisols and Inceptisols), and stream water from an Appalachian mountain forest ecosystem into hydrophobic or hydrophilic acids, neutrals, and bases. \Ve analyzed each fraction for dissolved organic C (DOC), N (DON), and P (DOP). Most of the DOC was in the acid fractions, with the humic fractions (hydrophobic acids and phenols) comprising 35 to 57% of the DOC in all samples except summer throughfall. Concentrations of all fractions declined with depth in the soil. As a percent of total DOC, the humics declined with depth, whereas the hydrophilic neutrals increased. Bases, which we expected to contain cationic amino groups, were < 2.5% of the DOC. Instead, most DON was in the humic. hydrophilic acid, and hydrophilic neutral fractions. Most DOP occurred in the hydrophilic acid, humic, and hydrophilic neutral fractions. The functional groups in which N and P occur had little influence on the behavior of most of the DOM as a whole since: (i) cationic DOM was such a minor component, and (ii) P was simply too rare to influence the anionic behavior of many molecules. Nevertheless, for those molecules in which P did occur, P may have influenced their behavior since a large percentage of the DOP was in the hydrophilic acid (i.e., anionic) fraction. The carboxylic and phenolic functional groups, or in some cases the neutrality, of the DOM molecules appeared to be much more important than N-containing groups in influencing the behavior of the N carried passively by the DOM.
hensively fractionating into hydrophobic and hydrophilic acids, neutrals, and bases (Leenheer and Huffman, 1976) . The first approach can be termed a bottom-up approach, and the last two can be termed top-down approaches.
In choosing an approach, we must consider the motives for characterizing DOM. Soil scientists, ecologists. and geochemists are usually concerned with questions of its (i) mode of forma tipn, (ii) general types of chemical structures, (iii) mobility and behavior towards surfaces (cation-, anion-, and ligand-exchange sites, and hydrophobic surfaces), (iv) metal complexation and transport of N and P, (v) influence on the pH of the solution, and (vi) quality as a substrate for decomposers.
A partial list of a small identifiable percentage of the DOM is inevitably biased. Most of the DOM is macromolecular, with varying structure (Thurman, 1985) . For example, although numerous small carboxylic acids have been identified in natural waters, the sum of all the identifiable small acids make up only a small percentage of the DOM (summarized in Thurman, 1985) and, therefore, are not representative of the carboxylic acid fraction as a whole.
Analysis of broader biochemical categories has been used extensively to infer mode of formation, structures, mobility, and substrate quality but, unfortunately, humic substances do not fit well into these traditional categories. Carbohydrates and amino acids are intimate parts of the humic molecules, but the surface properties of humic molecules do not resemble those of carbohydrates and proteins. Furthermore, they may not be as biodegradable as free carbohydrates and proteins are. For example, most of the amino acids and a large portion of the carbohydrates in DOM from an Oregon river were bound to anionic humic substances (Lytle and Perdue, 1981; Sweet and Perdue, 1982) .
Fractionation of DOM according to molecular size has been very widely used and can account for all of the DOM in a given sample (the third approach). While molecular size is certainly a fundamental aspect of structure, the molecular-size distribution does not directly inform us about mode of formation, surface reactivity, acidity, or biodegradability. Large molecular size is sometimes tacitly associated with resistance to bipdegradation. The large-molecule fraction could contain proteins, complex carbohydrates, humic substances, and tannins -components that differ radically in their degradability.
In the work reported here, we used the fractionation procedure of Leenheer and Huffman (1976) and Leenheer (1981) . This fractionation procedure is based on surface properties at various pHs. Substances found in the various fractions are listed in Table 1 . The division between hydrophobic and hydrophilic components is arbitrary and is based on the capacity factor for the compounds on nonionic XAD-8 resin (Sigma Chemical Co., St. Louis, MO) (Leenheer, 1981) , which is related to water solubility (Thurman et al., 1978) . The term hydrophobia acids is used because these substances are hydrophobic at pH 2, when the carboxylic acid groups are protonated and the molecule is uncharged. It is important to keep in mind that these substances are charged, and therefore hydrophilic, at neutral and alkaline pH. An exception is a fraction termed weak (phenolic) hydrophobic acids, which may not have carboxylic acid groups and are charged only at very alkaline pH (Leenheer and Noyes, 1934) . However, this fraction may also include polyphenols with less than one carboxylic acid group per 13 C atoms (Thurman, 1985) . For simplicity, we will refer to this fraction as phenols, with the understanding that the hydrophobic acids may also have phenolic hydroxyl groups. Aquatic humic substances have been operationally denned as the hydrophobic acids (including the weak hydrophobic acids, i.e., phenols) isolated using the XAD-8 resin (Thurman, 1985) .
The list of substances to be found in each of the fractions (Table 1) is generally based on: (i) retention by XAD-8 of a variety of simple compounds (Thurman et al., 1978) ; (ii) infrared spectra of fractions of DOC from river water (Leenheer, 1981) ; or (iii) hypothetical grounds based on the general relationships of retention by XAD to structure and aqueous solubility (Thurman et al., 1978) , and the known charges on compounds at various pHs. Kroeff and Pietrzyk (1978) determined the capacity factors of a number of amino acids and peptides on XAD-4 and XAD-7 resins and found that they were in the range that would allow them to pass through the XAD resin as used in Leenheer's (1981) procedure. Lytle and Perdue (1981) found that XAD-7 (a resin similar to XAD-8) retained only 17% of an algal protein mixture and 12% of an algal protein hydrolysate at pH 2. Since they are hydrophilic and positively charged at pH 2, most amino acids, free peptides, and free proteins would be expected to be in the hydrophilic base fraction.
The fractionation procedure developed by Leenheer and Huffman (1976) and Leenheer (1981) has several advantages. First, it accounts for all of the DOM in the sample except for small amounts lost during the procedure. The cationic, anionic, and neutral hydrophobic resins used in the procedure more or less mimic some properties of soil and sediment surfaces, and the hydrophobic and hydrophilic acid fractions are those capable of interacting with ligand-exchange sites. Another advantage is that the acid fractions are isolated directly and their titration curves can easily be determined (Cronan and Aiken, 1985) . These same acid fractions are those responsible for metal cpmplexation.
The objectives of this study were to divide the DOM in throughfall, soil water, and stream water into classes based on surface behavior in order to determine: (i) the classes that are the major carriers of C, N, and P; (ii) the functional groups and potential surface interactions that may control the movement of dissolved N and P; and (iii) the classes of C, N, and P containing substances that are preferentially removed as water percolates through the soil profile, and, using this data, to hypothesize what processes are important in controlling their removal. (Thurman et al., 1978) . 1 1 Fractionation of model compound, oxalic acid .
MATERIALS AND METHODS

Site Description
Samples were gathered from 12 plots located in an oak (Quercus) -hickory (Carya) forested watershed (WS-2) at the Coweeta Hydrologic Laboratory in the southern Appalachian Mountains of North Carolina. Plots were stratified by soil type and slope position. Three soil types occur on the watershed: a coarse-loamy, mixed, mesic Umbric Dystrochrept of the Tusquitee series in the riparian zone, a fine-loamy, micaceous, mesic Typic Hapludult of the Fannin series, and a coarse-loamy, micaceous, mesic Typic Dystrochrept of the Chandler series.
Sample Collection and Preservation
Samples of throughfall were collected in troughs. Water percolating from the bottom of the forest floor, the Oa horizon, was collected in zero-tension soil water collectors (Jordan, 1968) . Soil water was collected from the upper A horizon, the bottom of the AB or A2 horizon, the B horizon, and the upper C horizon in porous-cup vacuum samplers at 50 kPa. Stream water was collected at the base of the watershed during baseflow. Long-term stream water chemistry is summarized by Swank and Waide (1988) .
Samples were collected from 12 plots and composited in February, May, August, November, and December 1987. The samples were composited in order to produce a budget for the entire watershed for another part of the study, and also because DOC concentrations showed no significant differences by soil type. All samples from December and Au-gust, and selected samples from other months, were fractionated. We fractionated throughfall and forest-floor solution samples from other seasons because we initially suspected their composition would be more variable. However, the fractions of forest-floor solutions were quite consistent. Concentrations of DOC in late winter throughfall were very low, so the February sample was omitted.
Every effort was made to collect, filter, and preserve the samples as quickly as possible. Throughfall and Oa water samples were collected during storms and within 1 h after major rain storms during one sampling week. Soil water collectors were emptied every 24 h or less during the sampling period. Samples were placed on ice within 1 h after collection, filtered through a Whatman G/F glass-fiber filter within 8 h, composited and frozen in liquid N within 36 h in most cases, and kept frozen until analysis. While conventional slow freezing may lead to flocculation in some water samples (Giesy and Briese, 1978) , there was no significant particle formation in our frozen samples after thawing.
Sample Preparation
In samples that differ widely in DOC concentration, a consistent division of hydrophobic and hydrophilic components depends on remaining within the linear range of the XAD-8 adsorption isotherm. To compare samples initially varying from 0.5 to 52 mg C/L, we either diluted or concentrated all samples into a range of 6 to 15 mg C/L. To confirm whether this range was satisfactory, one December forest-floor water sample was diluted to 5, 15, and 20 mg C/ L and fractionated. All fractions were essentially identical expressed as a percent of input concentration. Low-level samples were concentrated using a Virtis freeze concentrator (Virtis Co., Gardiner, NY) (Shapiro, 1961) . This method was chosen because it is gentle, nonselective, and the sample is concentrated at 0 °C, so microbial growth and evaporation of volatiles are prevented. Concentration of stream water was limited to levels below 9 mg C/L because an inorganic precipitate (perhaps silica) began to form after excessive (*& 13-fold) concentration.
Test Compounds
The compounds bovine serum albumin, quercetin, rutin, sodium oxalate, and glucose monophosphate (all from Sigma Chemical Co., St. Louis, MO) were subjected to the fractionation procedure using an initial concentration of 10 mg C/L. Albumin represented a model protein. Quercetin and rutin represented model flavonoids (and polyphenols without carboxylic acid groups).
After every two or three samples, reverse-osmosis-deionized water was run through the fractionation procedure as a system blank.
Fractionation Procedure
We used the fractionation procedure of Leenheer and Noyes (1984) with several modifications (Fig. 1) . The procedure was scaled down to use a 250-mL water sample. The hydrophobic acids were first adsorbed on the XAD-8 column as in Leenheer and Huffman (1976) , rather than on the anion-exchange column. Because hydrophobic bases are an insignificant fraction of natural water samples (Leenheer, 1980; Antweiler and Drever, 1983) , we omitted the step where hydrophobic bases were eluted from the XAD-8 resin with 0.1 M HC1, leaving both hydrophobic and hydrophilic bases in the base fraction. Because the hydrophobic neutrals were measured by difference after the initial sorption on XAD-8, the hydrophobic bases could potentially be counted in the hydrophobic neutral fraction also. However, the hydrophobic bases were assumed to be negligible.
The hydrophilic acid fraction was eluted with the recycling procedure used by Leenheer and Noyes (1984) and immediately desalted by running through a cation-exchange resin. The anion-exchange resin bled significant amounts of what Leenheer and Noyes (1984) believed to be ammo-phenols, a component of the resin. These were removed by running the anion-exchange eluate through the cation-exchange column. Since the hydrophilic fraction had already passed through the cation-exchange column once during fractionation, this second pass should not have removed any additional material from the sample itself. The hydrophilic neutral fraction (the effluent from the anion-exchange column) was concentrated 10-fold by rotary evaporation and run through the cation-exchange column to remove resin contamination. All of the other desalting steps following the fractionation procedure by Leenheer and Noyes (1984) were omitted, since they were not necessary for elemental analysis. Hydrophobic neutrals were eluted from the XAD-8 using acetonitrile acidified to pH 2 with formic acid (J. Leenheer, 1987, personal communication) , but hydrophobic neutrals were calculated by difference (Fig. 1) . The XAD-8 was washed with methanol and 250 mL of water after use, since acetonitrile was a potential contaminant Acidic or basic eluates were immediately neutralized with NaOH or H 2 SO 4 . Chloride was not used in the procedure because it interferes with K 2 S 2 O 3 oxidation.
In the presence of the SOs' added as H 2 SO 4 to the samples, the weak base anion-exchange resin (Duolite A-7) did not completely adsorb all orthophosphate and glucose phosphate used as test compounds. This probably occurred because of the relatively low affinity of the resin for PO 4 compared with SOI'. However, the test compound oxalic acid was completely adsorbed by the resin. Consequently, an extra step was added to the procedure for application just to the organic-P results. The concentrated effluent from the Duolite A-7 resin (Diamond Shamrock Corp., Houston, TX) was run through Dowex 1 X-8 strongly basic anion-exchange resin (Dow Chemical Co., Midland, MI) and the influent and effluent were analyzed for POj~ and total P. The hydrophilic neutral DOP was considered to be the DOP in the effluent from the strongly basic anion-exchange resin. The hydrophilic acid DOP was considered to be the DOP removed by both the weakly basic and the strongly basic anion-exchange columns. This difference in calculation was applied only to the DOP results for the hydrophilic fractions and is not indicated in Fig. 1 .
Elemental Analyses
Dissolved Organic Carbon was measured by automated K 2 S 2 O 8 oxidation followed by infrared detection of the liberated CO 2 using an 01 Model 700 TOC Analyzer (OI Corp., College Station, TX). The digestion efficiency was checked using a solution of desalted freeze-dried fulvic acid, the C content of which was determined using a C-H-N analyzer (Perkin-Elmer Corp., Norwalk, CT). Recovery averaged near 100% throughout the range of concentrations encountered.
Total dissolved N and P were measured in duplicate using persulfate oxidation (Koroleff, 1983) . Nitrate, NHj, and POJ", before and after digestion, were measured as detailed in Quails et al. (1991) . Various tests for accuracy, precision, and interferences are also described in Quails et al. (1991) . Dissolved organic N = total dissolved N minus NO 3 -N minus NH 4 -N. Dissolved organic P = total dissolved P minus PO 4 -P. Selected samples were digested in four replicates for an estimate of analytical error.
Total hydrolyzable carbohydrate was determined on fractions of selected samples using the phenol-H 2 SO 4 method (Handa, 1966) with glucose as the standard.
Calculations
For the calculation of several fractions, we used the preparative procedure (Leenheer, 1981) rather than the analytical procedure (Leenheer and Huffman, 1976 ) because the concentrated eluates allowed better analyses of the small quantities of N and P in some fractions (see Fig. 1 ). The deionizedwater system blank values were subtracted from the DOC, DON, and DOP concentrations for each sample fraction to give the final concentrations. The mass of DOC, DON, and DOP recovered in each fraction was calculated and compared with the mass of each present in the sample before fractionation. 
STEP1
RESULTS
Methodological Tests
Over 90% of the rutin and quercitin (model flavonoid compounds) appeared in the weak hydrophobia acid (phenol) fraction as expected (Table 2) . A small portion adhered to the XAD-8 resin after base elutipn, probably by H bonding to the resin. This small portion would be counted as part of the hydrophobic neutral fraction.
About 86% of the N in the albumin protein standard appeared in the base fraction as expected (Table 2) . Nine percent appeared in the hydrophobic acid fraction. The December Oa horizon sample was fractionated three times at 20, 15, and 5 mg C/L to test whether the initial concentration had any effect on the distribution of fractions and to estimate the standard error. There were no trends evident as a function of concentration. The standard error of the mean, expressed as a percent of the original sample, is shown in Fig.  2 . The precision of the DOC analysis alone was a minor component of the error with a CV of ± 1.5% of the mean above 1 mg C/L and a standard deviation (SD) of ±0.03 mg C/L below 1 mg C/L. An average of 94.0% (± 6.1% SD) of the DOC before fractionation was accounted for, indicating some loss of material during the procedure.
Dissolved Organic Carbon
Generally, the relative abundance of the different fractions of DOC was (from highest to lowest): hydrophobic acids > hydrophilic acids > or < hydrophilic neutrals > hydrophobic neutrals > phenols > bases (Fig. 2 ). There were exceptions, however. Hydrophilic neutrals were particularly abundant in the throughfall and C horizon samples. The phenols only comprised from 0.3 to 2.4% of the DOC in the forestfloor water, soil water, and stream water, but in throughfall the phenols comprised up to 6% of the DOC. Altogether, the acid fractions (the hydrophobic and hydrophilic acids and phenols) comprised from 44 to 91% of the DOC. Both neutral fractions together comprised 11 to 42% of the DOC. Bases were a very small component, 2.5% at most.
Seasonal differences were only examined in detail in the upper, more biologically active strata. In throughfall, the only striking difference between the growing and dormant season was the abundance of hydrophilic neutrals in the growing season. The distribution of fractions in the forest-floor solution was surprisingly consistent throughout the year, except in November just after litterfall. The November sample contained an unusually high content of hydrophilic neutrals and an unusually low content of hydrophilic acids. Because of the general lack of strong seasonal differences in the forest-floor solution, and the similarity of the August and December soil water, we did not pursue a more detailed seasonal survey for the soil water.
There were some consistent trends with depth in the soil. The total DOC decreased about 100-fold as water percolated from the forest floor to the upper C horizon. Consequently, all fractions declined with depth in terms of actual concentrations of DOC. Changes in the relative percentages of the fractions simply mean that concentration of some fractions declined with depth less than others. The percentage of hydrophobic acids was lower in throughfall than in the forest floor, but it decreased consistently with depth (by factors of 1.3 in August and 1.8 in December). The percentage of hydrophilic acids did not decline consistently with depth throughout the profile, but there was a lower percentage in the C horizon than in the forest-floor water. The percentage of hydrophilic neutrals increased dramatically (2.5-fold) and consistently with depth. The percentages of total neutrals increased with depth at the expense of total acids, but that pattern simply reflected the two largest fractions of each: the hydrophobic acids and the hydrophilic neutrals. Likewise, an increase in the percent total hydrophilics reflected those same two components. Finally, the distribution of fractions in the stream water resembled a mixture of water from the C and the Oa horizons.
The range of pH values for the solutions collected in the field was: throughfall. 5.4 to 6.2; Oa horizon, 4.2 to 5.4; A horizon, 5.7 to 5.9; B horizon, 5.9 to 6.2; C horizon, 6.0 to 6.2; and stream water, 6.5 to 6.9.
of absolute concentrations as water percolated through the soil. There was a consistent decrease in the C/N ratio moving from the forest floor to the C horizon. This relative enrichment in N content of the DOM as a function of depth was primarily the result of a shift in the distribution of the various fractions, and, secondarily, the result of lower C/N ratios for the major fractions. The N-poor (Table 3) hydrophobic acids declined as a percent of the total DOM (Fig. 3) with depth in the soil. While the C/N ratio of the hydrophobic acids did decline from the forest floor to the C horizon, it was only by about one third. The N-rich hydrophilic acids did not really change in a consistent way with depth in terms of percent of total DON, but their C/ N ratio tended to decline with depth. The relative amount of DON in the hydrophilic neutral fraction consistently increased with depth. The N-rich bases also comprised a greater percent of the total DON with depth (Fig. 3) .
The variability in the DON results was considerably greater than for the DOC results (Fig. 3) . The analytical error in determining DON was greater than that for DOC, and there were substantial quantities of DON, NOj, and NHJ contamination in the elutions of the blank runs. Contaminants originated from the resins (especially the anion-exchange resin), and from the large amounts of NaOH and H 2 SO 4 necessary to
Dissolved Organic Nitrogen
Most DON was carried by hydrophobic acids, hydrophilic acids, and, in some cases, hydrophilic neutrals (Fig. 3) . While the hydrophobic acids were the main DOC fraction, they were relatively poor in N content (Table 3 ) and so were somewhat less important as a carrier of N. The hydrophilic acids were an important N carrier, since they were generally richer in N content than the aggregate sample (Table 3) . Hydrophilic neutrals were sometimes richer and sometimes poorer in N content than the aggregate sample. The bases were very rich in N content, with a C/N ratio similar to that of proteins. Since bases were such a small component of the DOM, however, they comprised <7% of the total DON in ail except the August throughfall.
The scarcity of cationic DOM was shown not only by the smallness of the base fraction, but also by an experiment in which the samples were run through the cation-exchange column first. Since, in the regular procedure, the hydrophobic acids are removed before the cation-exchange column, there could conceivably be some cationic properties of the hydrophobic acids. However, removing cations first resulted in only minor changes in the C/N ratio of the hydrophobic acids in the December Oa horizon sample (Table 3) , indicating that the N in the hydrophobic acids had little interaction with the cation-exchange resin. Similar results were found for the August Oa horizon sample but are not shown.
The DON concentrations increased after passing through the forest floor and then declined 35-to 70-fold as water percolated through the soil profile. Consequently, all fractions of the DON declined in terms 1200-800- 
Insufficient N or P content to calculate a significant ratio. t Fractionated by running sample at pH 2 through cation-exchange column first, then XAD resin. § ND -not determined. 1 Unacidified sample run through cation-exchange column first, then acidified before XAD resin. neutralize the samples. Substantial concentrations of NHj and NO} in the throughfall samples became concentrated in the base and the hydrophilic acid fractions, respectively, and tended to obscure the DON content of those fractions. Because of the very low C and N content of many of the phenol fractions, the C/ N ratio incorporates a great deal of error (Table 3 ). An average of 97% (± 9.7 SD) of the initial DON was accounted for.
Dissolved Organic Phosphorus
Most P occurred in three fractions: the hydrophilic acids, hydrophobic acids, and hydrophilic neutrals (Fig. 4) . Hydrophobic acids were less important as a P carrier than as a C carrier, except for the December A and August C horizon samples (Fig. 2, 3 , and 4). Indeed, P was a rare atom in the hydrophobic acid fraction, since DOC/DOP ratios ranged from 400 to 8400 (about 1040 to 22 000 in molar C/P ratios) ( Table  3 ). The hydrophobic acid fraction was less important and the hydrophilic acid fraction more important in the lower A and the B horizons in terms of the relative DOP distributions (Fig. 4) . The hydrophobic neutrals, which could potentially contain phospholipids, were only a minor carrier of DOP.
The original concentrations of DOP declined with depth in the soil, as did DOC (Fig. 4) . Phosphorus was a rare, trace constituent of the DOM, with DOC/DOP ratios ranging from about 400 to about 4200 in the initial samples (Table 3) . However, the DOM from the lower soil horizons was much richer in P, expressed in terms of the DOC/DOP ratio, than that from the forest floor and A horizon. This vertical trend in the DOC/DOP ratio is more pronounced than that for N (Table 3) . Consequently, the depletion of DOP as water moved down the soil profile was less than that for DON and DOC.
The shift in the relative distributions of the DOP fractions with depth in the soil (Fig.-4) was more erratic than that for DOC (Fig. 2) . The most important factor in the decrease of the aggregate DOC/DOP ra- tios with depth in the soil was the P enrichment of the hydrophilic acid fraction with depth (Table 3) . Analytical precision for the DOP analyses was about ±0.7 Mg P/L standard error (SE) (n -2 for the fractions and n = 3 for initial samples) for concentrations <10 jig P/L. Because the initial DOP concentrations in some samples were very low (3-16 /ig P/L), the analytical error in determining the initial DOP was a major contribution to the error in calculating percent recovery. The low concentrations of DOP were the major reason for eluting concentrated fractions, rather than using just the analytical version of the fractionation (as in Leenheer and Huffman, 1976) . Still, a number of fractions were below the limit of detection, as indicated in Table 3 . Recovery averaged 90% (±19 SD) (Fig. 4) . Despite the low DOP concentrations, DOP exceeded dissolved inorganic P in all of these original samples (not shown).
DISCUSSION
Nitrogen, Phosphorus, and the Behavior of Dissolved Organic Matter
The functional groups in which N and P occur had little influence on the behavior of most of the DOM. Many of the functional groups in which N is found, such as amines and some heterocyclics, are basic and would be charged at acidic pHs. Despite the common occurrence of N in the DOM, only a small portion was cationic. The small base fraction had a C/N ratio similar to that of amino acids and proteins. This fraction may sorb electrostatically to the cation-exchange sites of the soil. It may be argued that bases are scarce in soil solution not because there is little production of free cationic DOM, but because it is quickly sorbed by the abundant cation-exchange sites on clays and solid humus. The cationic organic matter, though, was scarcest in the forest-floor water. Furthermore, there seems to be little cationic soluble organic matter sorbed by cation exchange in our A horizon soil, since concentrated KC1 and NaCl failed to desorb DOC or DON (Quails, 1989 ) and failed to suppress adsorption. Perhaps even the litter may have sufficient cation-exchange capacity to retain potentially soluble cationic organic matter. While the cation-exchange sites on soil clays are probably the most important surface property for many aspects of nutrient cycling, they don't seem to play a very important direct role in sorption of organic matter, except possibly through the bridging of trivalent cations to carboxylic acid groups.
A substantial proportion of the N was associated with humic substances. While Lytle and Perdue (1981) found that 96% of the amino acids in river water were bound to humic substances, we found that a smaller proportion of the N was humic bound in our samples. The failure of the humic-bound N in the forest-floor water sample to sorb to the cation-exchange resin could be because: (i) the N is primarily in amide bonds or uncharged heterocyclics, or (ii) the small numbers of positively charged amine groups are sterically shielded within the macromolecules and prevented from close contact with the exchange site. The C/N ratios in the hyhdrophilic acids and neutrals were lower than for the hydrophobic acids and the same arguments may be made for the N in those molecules. Consequently, the carboxylic acid groups and perhaps the phenolic groups of the organic acids control the mobility of a substantial portion of the DON that is associated with the same molecules. These acids are susceptible to adsorption by h'gand exchange on Fe and Al hydroxide surfaces (Tipping, 1981) , trivalent cation bridg^g to cation-exchange sites, or electrostatic attraction to anion-exchange sites. Protonation of the carboxylic acids in very acid soils may cause these Ncontaining acids to be somewhat hydrophobic.
Phosphorus is simply too rare to be an integral component of a large proportion of the organic molecules. It is, therefore, not a factor in controlling the mobility of a large portion of the DOM. However, for those organic molecules that do contain ester phosphate functional groups, these groups may influence the interactions of the molecule. The ester phosphate functional group is the major form of P in soil organic matter (Thurman, 1985) and is negatively charged at neutral pH. Consequently, hydrophilic ester phosphates would occur in the hydrophilic acid (i.e., hydrophilic anionic) fractions. Indeed, much of the P did occur in that fraction. Inositpl phosphates are probably the main form of organic P in soil, but tend to form insoluble complexes with Al, Fe, and Ca (Stevenson, 1982) . They have been identified in natural water (Eisenreich and Armstrong, 1977) and could compose much of the hydrophilic acid P fraction. Because carbohydrates can be incorporated into humic substances, the presence of inositol phosphates could explain the small but significant occurrence of P in the hydrophobic acid fraction (Thurman, 1985) . As with N, other more numerous functional groups or lipid moieties on the same large molecule could control the mobility of some P-containing molecules. It was surprising that a substantial amount of P in some samples occurred in the hydrophilic neutral fraction. It is difficult to explain why the P did not sorb to the anionexchange column, unless the P was shielded within the matrix of a much larger carbohydrate molecule.
Throughfall
Throughfall represented a substantial input of DOC, DON, and especially DOP, to the soil. The detailed budget for this watershed (Quails et al., 1991) revealed that about 32% of the DOC and 65% of the DOP fluxes entering the A horizon originated in throughfall and stemflow.
In throughfall, there was a surprising abundance of hydrophobic acids that contained carboxylic acid groups and were highly colored, like humic substances. The weak hydrophobic acids (phenols) were a relatively small proportion of the DOC, except in the August' throughfall sample (they were still a smaller fraction than the hydrophobic acids). The forest canopy may seem like an unlikely environment for the humification process in the usual sense, but we wonder whether these organic carboxylic acids represent compounds derived directly from plants. Most tannins and flavonoids are polyphenols without carboxylic acid groups, and would be expected in the weak hydrophobic acid (phenol) fraction, according to Thurman (1985) and our tests of model flavonoids. The polyphenols, quercetin, and catechin have been found in water dripping from live leaves (Gomah and Sakhar, 1972) . Malcolm and McCracken (1968) also identified catechin in washings of oak leaves and noted a generally high content of unidentified flavonoids. However, they also noted a high carboxylate acidity of the DOC in the washings. Several small hydrophobic acids (vanillic acid, p-hydroxybenzoic acid, /7-coumeric acid, and gallic acid) as well as several small hydrophilic acids (citric acid, malic acid, and succinic acid) have been found in rain washings of plant leaves (Bruckert et al., 1971) .
The following reasons might explain the abundance of hydrophobic (carboxylic) acids in our throughfall samples: (i) most of the hydrophobic acids were small, aromatic, phenolic acids such as gallic, ^-hydroxybenzoic, vaniilic, or p-coumeric acids; (ii) rapid dissociation of the ester bonds between monomers of tannins and other polyphenols exposed carboxyl groups (see Steelink, 1985) ; (iii) the organics were easily subject to physicochemical or photochemical oxidation outside the cellular environment; or (iv) microbes oxidized material exuded in the canopy. The means by which this substantial input of DOM may undergo what superficially resembles humification deserves further attention.
The changes in the concentrations of the various DOC fractions as the throughfall passed through the forest floor are illustrated in Fig. 5 . This comparison shows the sources of the materials more directly than does the data on soil DOC, because the throughfall and forest-floor water for a particular time represent the changes in the same aliquot of water during a storm or storms. Water flux out of the forest floor was about 98% of the throughfall input (Quails et al., 1991) ; therefore, changes in concentration as the throughfall passed through the forest floor were approximately proportional to fluxes during a particular week. Also, the adsorption was presumably much less in the forest floor and the residence time of rain was short. By far most of the hydrophobic acids and hydrophilic acids originated from the forest floor. Much of the phenol fraction appears to have originated in the canopy. In summer, a substantial proportion of the carbohydraterich hydrophilic neutrals, which could arguably be sugars and other carbohydrates from leaves, originated from the canopy. There was actually a slight reduction in hydrophobic neutrals after passing through the forest floor in summer. The hydrophobic surfaces in the litter may have served to adsorb them. After the autumn litterfall, however, more hydrophobic neutrals originated from the forest floor. These may have been the fresher, easily decomposed lipids and pigments from the Litter. The small amount of bases in throughfall were essentially removed or complexed in the forest floor in the summer.
Comparison with Other Studies
Hydrophobic and hydrophilic acids were the dominant fractions of dissolved organic matter in all the studies we reviewed (Table 4) . In many studies, including ours, the hydrophobic acids were the largest fraction. However, hydrophilic acids were a more important constituent in several studies, e.g., in interstitial water in buried volcanic ash (Antweiler and Drever, 1983) . The environment examined by Cronan and Aiken (1985) might be the most similar to ours, a forest soil with abundant rainfall and litterfall. However, their soil was a Spodospl, in which one might expect less sorption of DOC in the A or E horizons. They found a shift from dominance by the hydrophobic acids in the forest floor to a dominance by hydrophilic acids in the B horizon. Vance and David (1989) Cronan and Aiken, 1985; 2, Yavitt and Fahey, 1985b; 3, Yavitt and Fahey, 1985a; 4, David et al., 1989; 5 Antweiler and Drever, 1983; 7, Leenheer, 1980 t 0/A horizon indicates the bottom of the forest floor. § Neutral and base categories were lumped together.
and David et al. (1989) concluded from batch and column leaching studies that hydrophobic acids were selectively removed by Spodosol B horizon soil sample. Yavitt and Fahey (1985b) found a decrease with depth in the percent of the DOC in the hydrophobic acid fraction, quite similar to ours. However, the ratios of hydrophobic/hydrophilic acids were 1.4 in the forest floor, 1.1 in the root zone, and 1.2 in the subsoil in their study.
These studies suggest that a selective net removal of hydrophobic acids, as DOM percolates through the soil, may be a general phenomenon. However, the trends in hydrophilic acids are more variable and no clear pattern of the ratio of hydrophobic/hydrophilic acids is apparent for the Coweeta soil profiles. Although the ratio of hydrophobic acids/hydrophilic acids (not shown) declined from the forest floor to the B horizon in December, the ratio for the C horizon was as high as that for the forest floor. Hence, among the carboxylic organic acids, the hydrophilicity of the protonated acid form did not seem to be a very important interaction controlling mobility. If we assume the mean pK^ (negative log of the acid dissociation constant) of these carboxylic acids is about 3.85 (Cronan and Aiken, 1985) , then more than half of the carboxyl groups would be charged at the typical pH of our soil solutions (which ranged from 4.2 to about 6.2), and they may generally be sufficiently hydrophilic in their charged form. Differences in the pH of the soil and the soil solutions might explain the differences between studies in the apparent preferential removal of hydrophobic acids over hydrophilic acids, particularly since both studies that indicated a shift in the ratios involved Spodosols.
Humic substances in water have been operationally defined as the hydrophobic acids isolated on the XAD-8 resin (Thurman, 1985) . We separated the very small fraction of weak hydrophobic acids that is usually included with the humic substances. As expected, our hydrophobic acid fractions were highly colored and superficially resembled fulvic acid. Less is known about the character of the hydrophilic acid fraction, but it was still quite colored and could conceivably contain humic-like substances. The small organic acids would occur in this fraction. Most of these small organic acids would be easily degraded by microbes. Since they both contain carboxylic acid groups, both the hydrophobic acids and the hydrophilic acids may be susceptible to adsorption to Fe and Al hydroxides by ligand exchange (Parfitt et al., 1977) , and we found no evidence to rule out ligand exchange. Perhaps the presence of multiple carboxylic acid groups on molecules of both fractions and their participation in ligand exchange might explain why there was no dramatic shift in the ratio of hydrophobic acids/hydrophilic acids with depth. Jardine et al. (1989) explored the mechanisms of DOC adsorption in a Typic Paleudult and a Typic Dystrochrept. Iron oxides and hydroxides were responsible for 50 to 70% of the DOC adsorption. They believed that the principal mechanism was physical adsorption of hydrophobics driven by favorable entropy changes, rather than ligand exchange or cation bridging to cation-exchange sites. They supported this conclusion by finding that much greater percentages of the hydrpphobic fractions were adsorbed than of the hydrophilic fractions.
While the hydrophilic neutral fraction was not removed by any of the resins used in the fractionation, it did not pass through the soil unhindered. The ab-solute concentration of hydrophilic neutrals declined with depth in the soil, but they were not removed to the same extent as the other fractions. Some generation of soluble hydrophilic neutrals by roots and microbes might also have occurred in the soil. About half of the DOC in the hydrophilic neutral fraction was hydrolyzable carbohydrate.
CONCLUSION
We have described some properties of DOM that regulates its interactions with surfaces, with an emphasis on the fate of DON and DOP. We have also described the apparent shifts in distribution of various fractions as water percolates down through the soil profile. The fractions were defined by their behavior on nonionic and ion-exchange resins. The role of dominant functional groups in determining the average properties was further defined by their behavior as a function of pH. It is important to realize that the large macromolecules of DOC may have many functional groups and some may not have the opportunity to interact with surfaces because they are overwhelmed by other groups or are sterically shielded. Such may be the case for N-containing functional groups.
Although we have described some properties of the DOM, to demonstrate that particular mechanisms are dominant in the soil requires sorption and ion-competition experiments. These aspects are dealt with in other work (Quails and Haines, 1989, unpublished data) . To demonstrate that hypothetical mechanisms are operating in the soil, however, it is necessary to refer to the changes in distribution as water percolates through the horizons to see if the hypothetical mechanisms are consistent with the observed patterns in the field.
We found that most of the DOC was in the acid fractions with hydrophobic acids composing 35% to 57% of the DOC in soil water and stream-water samples. Concentrations of all fractions declined with depth as water percolated through the soil, suggesting that perhaps more than one mechanism was involved. But we found no clear evidence that hydrophobic acids were removed to a greater extent than hydrophilic acids, as has been reported for some Spodosols. Free proteins and amino acids are a very small percentage of the DON in soil solution. Instead, most N is associated with hydrophobic and hydrophilic acids. The mobility of most of the N-cpntaining DOM is not influenced by cationic properties of N. Instead, the carboxylic acid groups, and perhaps phenolic functional groups, seem to be much more important in influencing the mobility of the N carried passively by the DOM. A significant portion of the DON was in the hydrophilic neutral DOM.
Most P occurred in the hydrophilic acid and hydrophobic acid-fractions. Phosphorus was simply too rare an atom to influence the behavior of a large portion of the organic molecules. But the am'onic P esters, perhaps in the form of sugar phosphates, may have been responsible for the surface behavior of most of the DOP-containing molecules.
